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ABSTRACT The internal dynamics of a 20-residue polyalanine helix was investigated by molecular dynamics simulations. Special
attention was paid to the collective vibrations of the helix backbone. The stretch and bend vibrations could be assigned
unambiguously to oscillations with periods of 1.4 and 4.3 ps, respectively. The influence of the environment on the dynamics of the
collective vibrations was studied by coupling the helix to a heat bath and by adding water molecules. In the presence of water, the
stretch vibration becomes more strongly damped, but still exists as a vibration, while the bend vibration becomes overdamped and
degenerates into a relaxation process. The results are compared with available experimental data.
INTRODUCTION
It is by now an accepted fact that proteins are not rigid
structures but dynamic entities able to undergo struc-
tural changes (for a recent review see reference 1).
These changes range from atomic fluctuations in the
femtosecond range up to conformational changes in the
range of seconds. Conformational changes are involved
in enzymatic activity and, therefore, are agreed to be
functionally relevant. Fluctuations in the femtosecond
and picosecond range, however, have long been ques-
tioned as being relevant for protein activity. It is only in
the last few years that data have been presented indicat-
ing that actually the fast fluctuations are the origin of the
slow conformational changes (2, 3). A hierarchical order
has been postulated for the relation between the dif-
ferent kinds of motions (2). Fast thermal fluctuations
give rise to slower ones, which cause still slower ones,
until finally a conformational change occurs. Hence, fast
internal fluctuations appear to be relevant to protein
activity.
Several different experimental techniques have been
applied to study fast internal fluctuations of proteins,
among them Raman (4, 5) and infrared (6) spectros-
copy, microwave absorption (7), inelastic neutron scatter-
ing (8), fluorescence anisotropy decay (3, 9), Mo6bauer
spectroscopy (10), and nuclear magnetic resonance (11).
Theoretical techniques which have contributed to in-
crease the understanding of the internal dynamics of
proteins involve normal mode analysis (12, 13) and
molecular dynamics simulations (14).
For the present studies we used the molecular dynam-
ics (MD) technique. With this technique a time range up
to some hundreds of picoseconds is accessible with
present-day computers. Even in this limited time range,
however, it is not yet clear whether the temporal
behavior of proteins is described correctly by MD (15,
16). The localized oscillations of bond lengths and
angles which occur in the femtosecond range are treated
correctly, but this is not astonishing because spectro-
scopic data have been used to determine the parameters
of the bonded interactions (17). Slower delocalized or
collective oscillations such as stretch or bend vibrations
of helices which occur in the picosecond range have
been observed in MD simulations on proteins (18, 19)
and peptides (20, 21), but were not tested against
experimental data. Still slower modes in the range of
hundreds of picoseconds such as the diffusive reorienta-
tion of side chain rings turned out as too fast in MD
simulations compared to experimental data (22).
Two reasons for this failure are conceivable. First, the
description of the nonbonded interactions within the
proteins may be inadequate and, second, the interac-
tions of the proteins with the solvent may be treated
incompletely. Of the internal nonbonded interactions,
especially the electrostatic interaction is still under
debate (23, 24). Concerning interactions with the sol-
vent, water has recently been shown to have a consider-
able effect on the internal dynamics of a protein (25).
To investigate these two possible error sources in
more detail, we performed MD simulations on a 20-
residue polyalanine helix. This peptide is small enough
to permit simulations over an extended time range and
large enough to adopt an a-helical structure (26).
Spectroscopic data on the internal vibrations are also
available (4-6). These vibrations range from fast local-
ized bond vibrations to slower delocalized collective
vibrations such as stretch and bend vibrations of the
helix. The MD result obtained is in good agreement with
the experimental data, especially for the stretch vibra-
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tion. This lends support to the description of the
interactions used in the MD simulations, including the
nonbonded interactions.
The influence of the solvent on the internal dynamics
of the helix was studied by introducing different kinds of
coupling of the helix to the environment. In the simplest
case, any coupling was omitted with the consequence
that the temperature did not remain constant. In the
second case, the helix was coupled to a heat bath in
order to keep the temperature constant (27). Finally, in
the third case, the helix was embedded into 570 water
molecules. In each case, the internal dynamics of the
helix was analyzed with special care devoted to the
stretch and bend vibrations. A strong influence of the
environment on the damping of these vibrations was
observed, while the frequencies of the vibrations were
hardly affected. Most pronounced was the effect on the
bend vibration of the helix which in the presence of
water became overdamped.
Helix length and bend angle
If the length of a helix is calculated as the distance between two atoms
at both ends of the helix, all the local fluctuations of the two atoms are
reflected by the length. To eliminate this effect, the helix length was
calculated as the distance between two groups of atoms at the NH2-
and COOH-terminus. We determined the centers of mass of the
backbone atoms of Ala2-Ala5 and Alal6-Alal9, and used their
distance 1 as a measure for the helix length. It is smaller than the
end-to-end distance, therefore, only relative changes were compared,
(1 - (l))/(l), with (1) denoting the temporal average.
In a similar way, the bend angle of the helix was calculated as the
angle between the axes n-, and n2 of the NH2- and COOH-terminal
segments. The axes ni and "2 were determined by adding the unit
vectors between the atom pairs N3-C,6, C83-C6, C3-N7, N4-C 7,
C04-C7, C4-N8, and the atom pairs C11-N15, N12-C.15, C.12-C15,
C12-N16, N13-C.16, Ca13-C16, respectively.
Correlation functions
To analyze the dynamic behavior of the helix appropriate correlation
functions were calculated. They are defined as temporal averages (30),
C%(t) = (AX(t') AX(t' + t))
METHODS
MD simulations
For initial conformations a regular helix was generated with the
backbone dihedrals 4), * set equal to -57°, -47°, and all peptide bonds
in trans. When water molecules were included explicitly, the helix was
placed in the center of a box of size 2 x 2 x 4.7 nm filled with 570 water
molecules, and periodic boundary conditions were applied.
Initial conformations were energy-minimized by the method of
steepest descent. For this and the ensuingMD simulation the program
Gromos (W. F. van Gunsteren and H. J. C. Berendsen, BIOMOS
B. V., University of Groningen, Groningen, Netherlands) was used.
The MD simulations were performed on a WVAX II and a CRAY-
XMP.
All simulations were started with a heating period of 2 ps in which
the temperature of the system was increased to 300 K under strong
coupling to a heat bath. After this period, the system was in
equilibrium as judged by the potential energy. The bond lengths were
constrained by the SHAKE algorithm (28). Then the potential energy
is a sum of terms involving bond angles, dihedrals, improper dihedrals,
and terms describing the nonbonded electrostatic and Lennard-Jones
interactions (29). The electrostatic interaction is calculated by taking
into account only neutral charge groups and a dielectric constant of
one. For the simulation with an explicit hydrogen bond interaction, an
additional 10-12 potential was introduced (29). For all nonbonded
interactions a cutoff of 1 nm was used with the neighbor list updated
every 10 time steps. The time step was chosen as 2 fs. Coordinates were
stored routinely at every 10 time steps, in some simulations at each
time step.
To couple the helix to an external heat bath without explicitly
simulating solvent molecules, an algorithm of Berendsen et al. (27) was
adopted. After each integration step, the temperature of the helix is
calculated from the velocities of the atoms. If it deviates from 300 K,
the velocities are rescaled with a relaxation time T. Formally, the
relaxation time is inversely proportional to the viscosity of the
surrounding solvent, hence, a small relaxation time corresponds to a
highly viscous solvent. Three values for r were used: T = 9,000 ps for no
coupling, = 100 fs for weak coupling, and r = 10 fs for strong
coupling.
1 rT
= limr fAx(t') Ax(t' + t) dt', (1)
with Ax(t) = x(t) - (x) denoting the displacement of the quantity x(t)
from its temporal average (t). At time zero, C,(0) = ((Ax)2), the
mean-square displacement, and at long times CQ(oo) = 0.
Especially when the quantityx oscillates, it is advantageous to study
the Fourier transform of its correlation function
TQW~~~~~Ct)= JiM Cx,(t)e'o dt. (2)
Because in the numerical calculation the time interval T for the
integration is finite, the Fourier transform C,Qw) is defined only at
frequencies w = 2rmr/T, with n integer. Often instead of the angular
frequency w the frequency v = w/27r is used or the corresponding
wavenumber v = v/c, with c denoting the velocity of light.
The quantityx may be the position of an atom, a dihedral angle, or
the length or bend angle of the helix. Ifx is a vector like the position x
of an atom, the scalar product is taken to calculate CQ(t). Sometimes
temporal derivatives ordinary v = dx/dt of these quantities are used,
e.g., the velocity of an atom with v = dx/dt. The information contained
in C, is the same as in C.. This is especially obvious from their Fourier
transforms, because
(3)
However, the high-frequency motions are weighted more strongly in
C,(X). Hence, for their analysis it is preferable to use CQ(w), whereas
for the low-frequency motions C,(w) is preferable.
Harmonic oscillator model
A harmonic oscillator in contact with a heat bath may be described by
the Langevin equation (30, 31)
d2x
md + mp t +gTadV=A(t).
Here, m is the mass of the oscillating particle, the damping
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coefficient (sometimes called friction coefficient), V = 1/2 mcix42 the
harmonic potential, andA (t) the stochastic force giving rise to thermal
fluctuations. In the case w0 > ,B/2, the oscillator is periodic, in the case
'o < 13/2 it is overdamped. The displacement and velocity autocorrela-
tion functions for such an oscillator have been calculated (31). In the
limit w0 > ,B/2, they are given by
C.(t) = (2) exp (- Pt/2) cos (wot)
C,(t) = (v2) exp (- 3t/2) cos (w0t),
and in the limit wo0 < 1/2 by
CQ(t) = ( 2) exp (-_ot/3)
C.(t) = (v2) exp (-_t).
t>
(5) L
(6) -4
.-)
(7)
(8)
The Fourier transforms of the autocorrelation functions are, for
both cases w0 > ,B/2 and c0 < 1/2,
Il I I I
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m ( 2 _( 2)2 + P2(2 (9)
and C,(X) = w2C,(w).
Elastic rod model
The properties of an isotropic elastic rod are determined by its
elasticity modulus Y (32). For a rod with free ends, the frequencies of
the stretch and bend vibrations result as
v(s) 2-L (Y/P)1,
and
v(b) = 1.12 R (Y/p)"2
(10)
(11) FREQUENCY v (ps-1)
with p denoting the density of the rod, R the radius, and L the length.
For a helix of 20 alanine residues, one may assume L = 3 nm, R = 0.45
nm, and p = 1.24 g/cm3. The ratio v(s)/vQ) is independent of Y, and with
these numbers for a helix becomes v(s)/v(b) = 3.0.
FIGURE 1 Velocity autocorrelation function CQ(t) for Ca11 of an
(Ala)20-helix obtained from a 160 ps trajectory with an output at every
2 fs (A), and its Fourier transform Ce(v) derived from the time range
0-10 ps (B). The inset inA shows the first 500 fs on an extended time
scale. The helix was weakly coupled to a heat bath at 300 K.
RESULTS AND DISCUSSION
Atomic fluctuations
The fluctuations of individual atoms were investigated
by calculating their velocity autocorrelation function
Cv(). Fig. 1 A shows this function for the C. atom of
Alall, a residue in the middle of the (Ala),-helix. The
helix was weakly coupled to a heat bath at 300 K to keep
the temperature constant. For other backbone atoms,
similar results were obtained. After a rapid initial decay
which occurs within 10-20 fs, CQt) exhibits damped
oscillations with a period of 60 fs. In addition, there is
a weak indication of an oscillation with a period of 1
Ps.
In the Fourier transform Ce(v) shown in Fig. 1 B, the
60 fs oscillation appears as a peak at v = 17 ps-',
corresponding to a wavenumber v = 560 cm-'. In
addition, there are other peaks in the range of 8-22 ps-'
(260-730 cm-') and 0-3 ps-' (0-100 cm-'). If the bond
lengths are not kept constant by the SHAKE algorithm,
essentially the same spectrum in the range up to 25 ps-t
is obtained, whereas at higher frequencies new peaks
appear due to bond length vibrations. These results are
in fair agreement with experimental data on polyalanine
from Raman spectroscopy (4) and with the results of a
normal coordinate analysis (13).
The fast initial decay of C,(t) reflects the relaxation of
the atomic velocities to a Maxwell distribution and has
already been observed in other cases (16, 25). Oscilla-
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tions with a period of 60 fs were also found in the
autocorrelation function of the bond and dihedral an-
gles of the helix backbone (data not shown) and,
therefore, are interpreted as orginating from oscillations
of bond and dihedral angles.
To analyze the slow oscillations with a period of - 1
ps, it is advantageous to employ the displacement
autocorrelation function CQt). For the Ca atom of Alall,
this function is shown in Fig. 2A. It was normalized by
its value at time zero, C5(0) = ((Ai)2) = 0.3 A2. This value
for the mean-square displacement is typical for Ca atoms
of peptides or proteins (19, 20). Included in Fig. 2A is
the displacement autocorrelation function for the C.
atom of Alal. Both functions exhibit oscillations with a
period of S ps. In the Fourier transforms CQ(v) shown
in Fig. 2 B, these oscillations give rise to a peak at 0.2
ps-', corresponding to a wavenumber of 7 cm-'. These
slow oscillations may tentatively be assigned to collective
vibrations of the helix. It is not possible at this stage,
however, to distinguish between the two collective vibra-
tions of a helix, the stretch and bend vibrations. This
requires a more detailed analysis as presented in the
following paragraph.
1.01
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Collective vibrations of the helix
To analyze the stretch vibrations of the helix, we
determined the centers of mass of two groups of atoms
at the two ends of the helix and used their distance I as a
measure for the helix length. This distance is somewhat
smaller than the end-to-end helix length, but for the
analysis of the oscillations this does not matter. Fig. 3A
shows this reduced helix length I as a function of time. It
2.2 l
A
E
=2.1
TIME t (ps)
5 1.0 1.5
FREQUENCY v (ps-')
FIGURE 3 Length l(t) of the (Ala)20-helix (A), the length autocorrela-
tion function C,Qt) as obtained from a 400 ps trajectory (B), and its
Fourier transform e,(v) derived from the time range 0-10 ps (C). The
Fourier transform was fitted by the sum of two terms describing
damped harmonic oscillators according to Eq. 9 (... ). The fit parame-
ters were used to calculate the corresponding autocorrelation function
(...) in time (B). The helix was weakly coupled to a heat bath at 300 K.
Biophysical Journal Volume 59 April 1991
A
FIGURE 2 Displacement autocorrelation functions CQt) for CQ11
( ) and CQ1 (- * *) as obtained from a 400 ps trajectory with an
output at every 20 fs (A), and their Fourier transforms CI(v) derived
from the time range 0-20 ps (B). The helix was weakly coupled to a
heat bath at 300 K.
U-h
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performs oscillations with a period of 1.4 ps and a
root-mean-square (rms) amplitude ((Al)2)1'2 = 0.26 A
corresponding to 1.3% of the average length (1). The
length autocorrelation function C,(t) is shown in Fig. 3 B
and exhibits oscillations with the same period. The
amplitude of the oscillations decreases rapidly during
the first 5 ps, but thereafter the decrease is much slower.
The oscillations in C,(t) at long times arise from
oscillations of the helix length over several periods
without appreciable damping (Fig. 3 A). Outside such
regions, the oscillations of the length are more stochas-
tic, i.e., more strongly damped, giving rise to the oscilla-
tions in C,(t) at short times with their rapidly decreasing
amplitude. Both types of correlations may be described
by damped harmonic oscillators. To analyze the short-
time correlations, we performed a Fourier transforma-
tion of C,(t) within the time range 0-10 ps and obtained a
curve C,(v) with one peak at a finite frequency and
another one at zero frequency (Fig. 3 C). The peak at
finite frequency describes damped oscillations, the stretch
vibrations of the helix, and the peak at zero frequency an
overdamped relaxation of the helix length, which may
tentatively be assigned to the effect of helix bending on
the helix length. The spectrum was fitted by the sum of
two displacement autocorrelation functions for damped
harmonic oscillators, Eq. 9. For the peak at finite
frequency we obtained the eigen frequency v0 = 0.73
ps' and the damping coefficient A = 0.80 ps', and for
the peak at zero frequency the relaxation rate 2/I =
0.36 ps '. The autocorrelation function in time corre-
sponding to this superposition of two damped harmonic
oscillators is included in Fig. 3 B. The short-time behav-
ior of C,(t) is well described by the harmonic oscillator
model, but the sustained oscillations in C,(t) at longer
times, say after 5 ps, are not. They might be described by
a third harmonic oscillator with the same frequency v0 =
0.73 ps-1 but a much smaller damping coefficient P. The
two oscillators might then be interpreted as two different
substates of the helix (2). In both substates the helix
would undergo stretch vibrations, but with different
damping coefficients.
To study the influence of the hydrogen bonds on the
stretch vibration, a simulation was performed with
hydrogen bonds explicitly taken into account by an
additional term in the interaction energy. The eigen
frequency v0 of the stretch vibration increased by 40%
(Table 1) and its amplitude decreased by 20%.
Spectroscopic data for the vibrations of long polyala-
nine helices have been analyzed previously within the
framework of a normal coordinate analysis, and the
wavenumbers for the stretch vibration of polyalanine
helices of arbitrary length have been deduced (33). For
an (Ala)20-helix two different sets of experimental data
TABLE 1 Frequencies v, of the stretch and bend vibrations of
an (Ala)20-helix
Method v(S) v(b)
ps psS
Calculated without explicit H
bonds 0.73 0.23
Calculated with explicit H
bonds 1.06 0.33
0.69
Experimental (reference 33) 1.26
yield 23 and 42 cm-' corresponding to frequencies of
0.69 and 1.26 ps-' (Table 1). These numbers are compat-
ible with our MD result, their spread is even larger than
the difference between the two values obtained with and
without an explicit potential for hydrogen bonds. For the
rms amplitude of the stretch vibration, the analysis of
the spectroscopic data yielded 1.4% (33), in good
agreement with our result.
To analyze the bend vibrations of the helix, the
directions of two segments at the two ends of the helix
were determined and the angle between them used as
the bend angle 0 of the helix. Inspection of helices with a
finite 0 on a graphics system indicated that the bend
extends more or less homogeneously along the helix. Fig.
4 shows the autocorrelation function CQt) of the bend
angle exhibiting damped oscillations. A fit of the Fourier
transform C9(v) (data not shown) by the expression for a
damped harmonic oscillator yielded v0 = 0.23 ps-' and
P = 0.11 ps-'. Thus, the bend vibration is a factor of
three slower than the stretch vibration (Table 1) and its
damping coefficient is a factor of seven smaller.
One might have attempted to analyze the stretch
vibrations of the helix by using the distance between two
TIME t (ps)
FIGURE 4 Autocorrelation function C,(t) of the bend angle 0(t) of the
(Ala)20-helix as obtained from a 400 ps trajectory. The curve was fitted
as described in the legend to Fig. 3 (.. ). The helix was weakly coupled
to a heat bath at 300 K.
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single atoms at the two ends of the helix as a measure for
the helix length (18, 21). The corresponding autocorrela-
tion function is shown in Fig. 5. It exhibits oscillations
with a period of 5 ps, superimposed on oscillations
with a period of 1 ps. Hence, both the stretch and the
bend vibration are reflected in the distance between two
single atoms. However, it is not possible from such an
analysis to individually assign the stretch and the bend
vibration to the two oscillations at 1.4 and 4.3 ps.
The ratio of the frequencies for the stretch and bend
vibrations results as 4.3/1.4 = 3.1. This is the value
expected if the helix behaves as an isotropic elastic rod
(see Methods). Using Eqs. 14 and 15 and the numerical
values for the stretch and bend vibrations, the elasticity
modulus of the polyalanine helix is obtained as Y(s)
2.1- 1011 dyn/cm2 and Y(") = 2.3- 1011 dyn/cm2, respec-
tively. These values are compatible with the value
(1.7-4.8) - 1011 dyn/cm2 calculated previously for a (Gly)1O-
helix by a normal coordinate analysis (13). Lacking other
data, our result may be compared with experimental
values for the elasticity modulus of collagen helices
determined as (1.5-2)* 1011 dyn/cm2 by Brillouin scatter-
ing (34) and as (3-5)* 1011 dyn/cm2 by measurement of
the persistence length (35). Although the collagen heli-
ces differ from our regular a-helix, the values for the
elasticity modulus lie in the same range.
Different environments
The MD simulations discussed above were performed
on an (Ala)20-helix under weak coupling to a heat bath at
300 K. To study the influence of the environment on the
collective vibrations of the helix, three further kinds of
coupling to the environment were investigated: (a) no
coupling, (b) strong coupling to a heat bath at 300 K, and
(c) coupling to 570 surrounding water molecules kept at
300 K.
To characterize thermodynamically the systems stud-
ied under the different conditions, the mean potential
1.0
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and kinetic energies of the helix and their rms fluctua-
tions were calculated and are presented in Table 2 for
weak and strong coupling to a heat bath and for coupling
to water. For weak coupling, the potential energy
fluctuates with an amplitude of +22 kJ/mol around a
mean value of zero. The kinetic energy fluctuates with
an amplitude of +18 kJ/mol around a mean value of
300 kJ/mol. This mean value is expected for a canoni-
cal system of 123 atoms with fixed bond length at 300 K.
Hence, one might conclude that the helix behaves as a
canonical ensemble. This would imply that the potential
and kinetic energies are uncorrelated and the fluctua-
tions of the total energy are given by the sum of
the fluctuations of the potential and kinetic energy,(AE2)cnnc = (AE2o ) + (AE 2 ). Insertion of numbers
for (E~pot) and (kEin) yields (tEocanonical-= +28 kJ/mol.
This is about twice the actual value of (AE 2 t) I2 obtained
by first calculating the total energy as Etot = Epot + Ekin
and then its fluctuations. For a microcanonical ensemble,
on the other hand, one would expect (AE2ot)microcanonicai = 0,
i.e., the potential and kinetic energy would be perfectly
anticorrelated. Hence, the helix coupled weakly to a
heat bath behaves as a system somewhere between a
canonical and a microcanonical ensemble, and the same
is true for strong coupling to a heat bath and for
coupling to water. This deficiency is partially a conse-
quence of the algorithm used to describe the coupling to
a heat bath. However, two additional sources of error
have been proposed and would explain the deviation
from a canonical ensemble even in the case of coupling
to water: the inaccuracy of the integration algorithm and
the introduction of a cutoff radius (27). In the case of no
coupling of the helix to the environment, the potential
and kinetic energies and with them the total energy
increased continuously, as observed previously (27).
This drift of the energy was the reason to introduce the
coupling to a heat bath.
The autocorrelation functions C,(t) of the helix length
for the different cases of coupling the helix to the
environment are shown in Fig. 6. Without any coupling,
the stretch vibrations are well pronounced, the initial
decrease extends up to 10 ps and thereafter long-time
correlations exist as in the case of weak coupling to a
heat bath. The Fourier transform C,(v) was calculated
using a time window of 10 ps and fitted by the sum of two
terms describing damped harmonic oscillators, Eq. 9.
The result for the oscillating term is presented in Table
3. The eigen frequency vo of the oscillator is the same as
for the case of weak coupling to a heat bath, but the
damping coefficient is smaller by a factor of 1.4. In the
case of strong coupling to a heat bath, the amplitude of
the oscillations in C,t) decreases more rapidly than for
weak coupling, and the amplitude of the superimposed
relaxation is increased. The long-time correlations are
non BJ
FIGURE 5 Autocorrelation function Cd(t) of the helix length deter-
mined as the distance C.3-C.18, obtained from a 400 ps trajectory. The
helix was weakly coupled to a heat bath at 300 K.
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TABLE 2 Mean values and rms deviations of the potential, kinetic, and total energies of an (Ala)2,-helix for three diftrent couplings of the
helix to the environment
Coupling (Epo) (Ebf) (E,E1) 2 (AE2i (ot)1
kJ/mol kl/mol kf/mol kfImol kf/mol kd/mol
Weak coupling to heat bath -9 297 288 22 18 12
Strong coupling to heat bath 16 298 314 37 13 36
Coupling to water 14 304 318 26 20 24
more complex. Therefore, a time window of 5 ps was
used to calculate the Fourier transform C1(v). A fit by
the sum of two terms describing damped harmonic
oscillators yielded for the oscillating term a slightly
lower eigen frequency and a damping coefficient three
times higher than for weak coupling to a heat bath
(Table 3). If the helix is surrounded by water molecules,
the stretch vibration is also strongly damped as ex-
pressed by the rapid decay of the autocorrelation func-
tion C#(). The long-time correlations are more regular
than for strong coupling to a heat bath and resemble
TIME t (ps)
those for weak coupling. A fit of the Fourier transform
C,(v) calculated for a time window of 5 ps yielded
roughly the same eigen frequency as for weak coupling
and a damping coefficient 1 about twice as large.
The autocorrelation functions CQt) of the helix bend
angle for the different cases of coupling the helix to the
environment are shown in Fig. 7. Without any coupling,
the bend oscillations are well pronounced and weakly
damped. For the case of strong coupling to a heat bath,
the autocorrelation function rapidly decays to zero and
provides only a very weak indication of a S ps oscillation.
Obviously, the bend vibration has become overdamped.
The same is true for the case of coupling to water. The
decay of the autocorrelation function is less rapid, but
the 5 ps oscillations are even less pronounced. The
damping coefficient may be estimated by fitting the
autocorrelation function by the expression for a har-
monic oscillator in the overdamped case, Eq. 7. Using
the time range 0-10 ps for the fit, one obtains for the
relaxation time wI/3 = 0.2 ps'. Under the assumption
that the angular frequency wo = 1.5 ps' of the bend
vibration is not altered by the presence of water, the
damping coefficient results as ,B = 11 ps'. Hence, the
condition for overdamping, o0 < P/2, is fulfilled. Sur-
TABLE 3. Results of fits of the Fourier transform C,(v) of the
displacement autocorrelation function for the helix length by
the sum of two terms describing damped harmonic
oscillators
Coupling vo
PS -1 Ps-
No coupling* 0.70 0.56 0.014
Weak coupling to heat
bath* 0.73 0.80 0.013
Strong coupling to heat
batht 0.69 2.4 0.022
Coupling to watert 0.83 2.0 0.012
The values for the eigen frequencies v0 and the damping coefficients 1
of the stretch vibration are presented for four different cases of
coupling of the helix to the environment. The relative rms fluctuations
((Ai)2)112/(i) of the length are included. *The time window for the
Fourier transformation was 10 ps. tThe time window for the Fourier
transformation was 5 ps.
Plis an J. ni Colctv Virtin of an ..hel..801
FIGURE 6 Autocorrelation functions CQt) of the helix length for
different cases of coupling the helix to the environment: no coupling
(A), strong coupling to a heat bath at 300 K (B), and surrounded by
570 water molecules at 300 K (C). The curves were obtained from
trajectories extended over 40 ps (A), 400 ps (B), and 60 ps (C).
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FIGURE 7 Autocorrelation functions C,(t) of the bend angle of the
helix for different cases of coupling the helix to the environment, as
specified in the legend to Fig. 6.
rounding water molecules increase the damping coeffi-
cient for the bend vibration by a factor of 100 relative to
the value for weak coupling to a heat bath.
CONCLUSION
The internal dynamics of a 20-residue polyalanine helix
was analyzed in terms of autocorrelation functions for
the displacement and the velocity of individual atoms,
derived from the trajectories of MD simulations. The
autocorrelations exhibit oscillations in the range of 50 fs
to 5 ps. The fast oscillations correspond to localized
vibrations of the bond and dihedral angles, vibrations of
the bond lengths do not occur in our MD simulations
because the bond lengths were kept constant. The
spectrum of the fast oscillations is consistent with
experimental data from Raman and infrared spectros-
copy. This is not astonishing because as mentioned in
the Introduction the parameters of the bonded interac-
tions were chosen to fit these data. Of more interest are
the slow oscillations which correspond to delocalized
collective vibrations of the helix. They are strongly
influenced by the nonbonded interactions whose descrip-
tion lacks a direct experimental justification. To assign
the slow oscillations unambiguously to stretch and bend
vibrations of the helix, the relative motions of two groups
of atoms at the two ends of the helix were analyzed. In
this way the 1.4 ps oscillation could be assigned to the
stretch vibration and the 4.3 ps oscillation to the bend
vibration. The frequency and amplitude of the stretch
vibration as well as the deduced elastic modulus of the
helix are compatible with experimental data from Ra-
man and infrared spectroscopy, Brillouin scattering, and
persistence length measurements. This indicates that
the description of the nonbonded interactions is not
unrealistic. The description of, for example, the hydro-
gen bond interaction might even be improved, if more
accurate experimental data on the stretch vibration and
the elastic modulus become available.
The influence of the environment on the internal
dynamics of the helix was studied by coupling the helix
to a heat bath or to water. Because the delocalized
collective motions are supposed to be more sensitive to
the environment than the localized motions, we concen-
trated our analysis on the collective motions. The
frequencies of the stretch and bend vibrations of the
helix turned out to be essentially unaffected by the
environment, whereas their dampingwas affected consid-
erably. This implies that the frequencies are determined
essentially by the interactions among the helix atoms as
expected, whereas the coupling of the helix atoms to the
environment determines the damping (25). Water in-
creases the damping of the stretch vibration by a factor
of two compared to the case of weak coupling to a heat
bath, but the vibration remains underdamped. By con-
trast, the damping of the bend vibration increases by a
factor of 100, it becomes overdamped, i.e., its dynamic
behavior changes from oscillation to relaxation. That the
bend vibration is more strongly damped by water than
the stretch vibration is conceivable. The displacement of
the helix ends is much larger for the bend than for the
stretch vibration, so that more water molecules have to
move away for an oscillation to occur. This overdamping
of the bend vibration by water is probably the reason
that it is not detected in Raman and infrared measure-
ments. It might be observable as a relaxation process in
fluorescence anisotropy decay measurements with pico-
second resolution or in microwave absorption measure-
ments. Such experiments would be useful to test the
description of damping in the picosecond range by MD
simulations. An attempt in that direction has recently
been made by measuring the overall rotational diffusion
of tryptophan in water and comparing it with the result
obtained from an MD simulation (36). Such studies
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might be extended to the internal dynamics of peptides
and proteins.
Although we could show that the stretch and bend
vibration of helices are rather well described in terms of
damped harmonic oscillators, such a model does not
account for all aspects of these collective motions.
Inspection of the fluctuations of the helix length indi-
cates that the polyalanine helix flips randomly between
at least two states, one with weakly damped and one with
more strongly damped stretch vibrations. Such behavior
is reminiscent of chaotic systems with strange attractors
(37). More work is required to enlighten this aspect of
the dynamic behavior of peptides and proteins.
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